Campylobacter jejuni was analyzed. The ATPase activities in these cells were most susceptible to sodium azide, fluoroaluminate, and dicyclohexylcarbodiimide, which are typical inhibitors of F ATPases. Optimal values for maximal activity were found to be at approximately pH 6.4, 6.0, and 6.0 for C. jejuni, H. pylori, and H. felis, respectively. The substituted benzimidazole compounds omeprazole, lansoprazole, and Eisai 3810 were found to have no effect on the F ATPase activity of H. pylori at concentrations which are inhibitory for cell growth (MICs). In addition, an extracellular, vanadate-susceptible ATPase activity was detected in H. pylori, which was also relatively insusceptible to the benzimidazole compounds. Thus, the mechanism of killing mediated by omeprazole and related compounds in Helicobacter pylori does not appear to be due to diminished ATPase activity.
Helicobacter pylori is a gastrointestinal pathogen which can cause gastritis (15, 17) and peptic ulcer (1) and which potentiates the formation of gastric carcinoma (22) . This organism occupies a unique niche in the human host, namely, beneath the mucous layer on the gastric mucosa, yet the mechanisms by which it occupies and survives there and the exact nature of this milieu remain less defined. In vitro, the pH of optimum growth for H. pylori is reported to be approximately 7.0 (6, 21) , although recently Kangatharalingam and Amy (11) reported growth at a pH as low as 4.5. In vitro, in a citrate buffer at pH 3.0, H. pylori does not survive for more than 1 h (23) . The addition of urea to either the buffer system or complex media protects the bacterium from acid exposure (16) , most likely because of acid neutralization by ammonia production from the urease. In vivo experiments have shown that the urease is probably important in counteracting acid exposure during initial bacterial colonization in several animal models (2, 13, 20) . However, treatment of an established infection with a potent urease inhibitor like flurofamide does not result in eradication of the infection (13) .
For many acid-tolerant bacteria, the proton-translocating F ATPase plays a key role in survival, especially in the case of lactic acid bacteria (24) . For example, the more aciduric organisms tend to have greater specific activities for the enzyme and a lower pH optimum for maximal activity. Thus, these bacteria have a greater capacity to extrude protons under acidic conditions. These types of organisms rely solely on the F ATPase to maintain a proton gradient across the membrane because they lack a cytochrome system. In bacteria which have cytochromes, the ATPase is a vital component of a complex chemiosmotic circuit, in addition to helping maintain cytoplasmic pH homeostasis through proton extrusion. Furthermore, the F ATPase has been shown to be an important component in an adaptive response, enabling the gram-negative enteric bacterium Salmonella typhimurium to survive exposure to low pH (4). Presumably, then, factors which affect the F ATPase could possibly affect the aciduric nature of an organism.
The substituted benzimidazole omeprazole is a potent inhibitor of the gastric H ϩ , K ϩ ATPase of the parietal cell (3) and has been shown to specifically label the gastric enzyme after in vivo administration (5) . The compound also has an antibacterial effect against H. pylori in vitro, but the exact mechanisms behind this activity are not completely understood (10, 25) . In vitro, omeprazole has been shown to inhibit the H. pylori urease (12) and to bind to several proteins of intact H. pylori cells under acidic conditions (23) , but neither of these findings can be correlated to a specific antibacterial effect.
The present study was undertaken to investigate the nature of ATPase activity in H. pylori and to determine whether the bactericidal action of omeprazole on H. pylori involves inhibition of ATPase activity.
(The present material was presented in part at the symposium Helicobacter pylori: Beginning the Second Decade, and the VIIth Workshop on Gastroduodenal Pathology and Helicobacter pylori, Houston, Tex., 30 September to 1 October 1994.)
MATERIALS AND METHODS
Bacterial strains and growth conditions. H. pylori CCUG 15818, H. felis CS1 (ATCC 49179), and Campylobacter jejuni CCUG 11284 were grown in shaking cultures of brucella broth supplemented with 10% fetal calf serum and 1% IsoVitaleX at 37ЊC and 150 rpm in a 10% CO 2 -5% O 2 atmosphere. Plate cultures were maintained on Columbia agar plates supplemented with 10% fetal calf serum.
Cell permeabilization. Cultures of 50 ml of cells grown overnight were harvested by centrifuging at 1,700 ϫ g for 10 min and were resuspended in 1.0 ml of 75 mM Tris-HCl (pH 7.0)-10 mM MgSO 4 . Chloroform was added to 1.5%, and the cell suspension was vortexed and incubated at 37ЊC for 30 min.
ATPase analysis. A 50-l aliquot of permeabilized cells was mixed in a 1.0-ml reaction mixture to give a final composition of 50 mM Tris-maleate, 10 mM MgSO 4 , and 1.0% dimethyl sulfoxide. Buffering conditions were routinely set at pH 6 for comparative analysis or were varied over a range of pH 4.0 to 8.0 for determination of pH optima. Inhibiting and test substances were added at the indicated concentrations and were preincubated for 30 min at 37ЊC. The ATPase reaction was initiated by the addition of ATP (titrated to the corresponding pH) to a final concentration of 5 mM. Samples of 50 l were removed and assayed for P i liberated from the cleavage of ATP by a modification of the method of LeBel et al. (14) . Briefly, the sample was added to 5 l of 50% trichloroacetic acid in a 96-well microtiter plate; this was followed by the addition of 100 l of copper acetate solution (0.25% copper sulfate pentahydrate and 4.6% sodium acetate trihydrate in 2 M acetic acid), 25 l of 5% ammonium molybdate, and 25 l of 2% Elon (p-methylaminophenol, hemisulfate salt) in 5% sodium sulfite. The samples were mixed and measured spectrophotometrically at 650 nm in a Molecular Devices THERMOmax microplate reader. Spontaneous ATP degradation during the course of the experiment was controlled for and was not observed. ATPase activities were expressed as micromoles of phosphate released from ATP per milligram of cell protein per minute extrapolated from the linear portion of the phosphate release curve. The values given are the means and standard errors of the means obtained from at least three separate experiments unless otherwise indicated.
Protein analysis. A 90-l sample was removed from the reaction mixture and was mixed with 5 l of 10 M NaOH and then 5 l of 10% sodium dodecyl sulfate. The mixture was incubated at 100ЊC for 10 min and was then assayed for protein concentration by using a Bio-Rad DC Protein Assay Kit (Bio-Rad, Richmond, Calif.). Similarly treated standards of bovine plasma gamma globulin were used as a reference.
Chemicals. Standard ATPase-inhibiting chemicals and other reaction components were purchased from Sigma Chemical Co. (St. Louis, Mo.). Bafilomycin A1 and benzimidazole compounds were purified and synthesized, respectively, at Astra Hässle AB (Mölndal, Sweden). Other reagents were from usual commercial sources and were of the highest purity available.
RESULTS
ATPase activity. Whole cells of C. jejuni, H. pylori, and H. felis were examined for ATPase activity prior to and after permeabilization with chloroform. Results of a typical experiment are given in Fig. 1 . Both species of Helicobacter displayed a linear, basal ATPase activity when they were analyzed in the unpermeabilized state, whereas C. jejuni had no ATPase activity. Permeabilization greatly potentiated the ATPase activities of all strains, especially C. jejuni. For H. pylori and H. felis, apparent ATPase activity increased approximately fivefold upon permeabilization. For this experiment specific activities for permeabilized cells of C. jejuni, H. pylori, and H. felis were 0.204, 0.104, and 0.098 mol/mg of protein per min, respectively. It should be noted that comparisons of the specific activities of ATPase between species are not valid when permeabilized cells are used because of inherent differences in permeabilization efficiency between different bacterial species. Comparisons within a species, however, can be made by using a standardized permeabilization technique to reveal differences in ATPase activity in response to different growth conditions and the different susceptibilities of the enzyme to various inhibiting substances. For the present work, the permeabilization technique was optimized for H. pylori and was applied to the other species.
The ATPase activities of permeabilized cells of C. jejuni, H.
pylori, and H. felis were tested over a range of pH values to determine the pH of maximal activity (Fig. 2) . The C. jejuni enzyme had a broad region of maximal activity with a pH optimum of 6.4 and greater than 80% activity within 0.5 pH unit on either side of the optimum. Both species of Helicobacter had similar and slightly more acidic pH optima (pH 6.0) and sharper, more defined peaks. The ATPase activities of permeabilized cells of C. jejuni, H. pylori, and H. felis were then tested at pH 6.0 with a variety of ATPase inhibitors to assess the type of ATPase present (Fig.  3) . In all cases, ATPase activities were most susceptible to sodium azide (NaAz), fluoroaluminate (AlF 4 ), and N,NЈ-dicyclohexylcarbodiimide (DCCD). This inhibition pattern is consistent with an ATPase activity belonging to the F type. parietal cell (3) . Moreover, these compounds have also been found to have antibacterial qualities (10, 23, 25) . In order to test any relationship between antibacterial effect and ATPase activity in H. pylori, permeabilized cells were mixed with various benzimidazole compounds at MICs for H. pylori growth in vitro. The cells were then preincubated at pH 6.0 for 30 min at 37ЊC and were tested for their ATPase activities. The results are given in Fig. 4 (MICs are given in the Fig. 4 legend) . When tested at the MIC, none of the benzimidazole compounds had any profound effect on the ATPase activity. When tested at extremely high concentrations (150 times the MIC), slight ATPase inhibition was seen with omeprazole, but this effect was most likely attributable to a nonspecific sulfhydryl interaction (data not shown). Bismuth subcitrate was also included in the study because it has been shown to be antibacterial. Here, again, no evidence of ATPase involvement could be attributed to the antimicrobial effect.
ATPase analysis of unpermeabilized cells. Both H. pylori and H. felis had a basal level of constitutive ATPase activity in intact cells. To begin gross characterization of this activity, unpermeabilized H. pylori cells were tested with a variety of inhibitors as described earlier. Interestingly, the pattern of inhibition for the ATPase activity in intact cells was different from that in permeabilized cells (Fig. 5) . In the unpermeabilized cells, the most potent inhibitors were vanadate and AlF 4 , with no effect from NaAz or DCCD. However, when these cells were then permeabilized, the pattern of inhibition reverted to NaAz, AlF 4 , and DCCD susceptibility, reflecting the pattern for F ATPase shown earlier (Fig. 2) .
The ATPase activities of unpermeabilized cells of H. pylori were also tested for their susceptibilities to the benzimidazole compounds at their MICs. Cells were preincubated with the compound at pH 6.0 for 30 min at 37ЊC and were tested for their ATPase activities. Figure 6 shows that the benzimidazoles had no significant effects on this activity (P Ͼ 0.05, t test; P ϭ 0.054, 0.074, and 0.37 for omeprazole-, lansoprazole-, and Eisai 3810-treated cells respectively [n ϭ 3]), although it appeared that the activity measured in unpermeabilized cells was slightly more susceptible to these compounds.
DISCUSSION
The data presented in this report partially characterize the F ATPase activities of H. pylori, H. felis, and C. jejuni. The ATPase activity measured in permeabilized cells of all three bacterial species was the most susceptible to inhibitors which characteristically inhibit F-type ATPases. The pH optima of these enzymes were near pH 6.0, with reasonable activities over a range of pH 5.5 to 7.0. Enteric bacteria such as Escherichia coli and S. typhimurium are neutrophiles and prefer to maintain an internal cytoplasmic pH at a homeostatic value of about 7.6 (9). Acidophilic bacteria tend to maintain an internal pH at between 6.5 and 7.0. The slightly acidic pH optimum of the ATPase in H. pylori could be a reflection of the fact that this species is some sort of acidophile, despite its apparent susceptibility to acidic conditions in vitro (7, 8) . Recently, Kangatharalingam and Amy (11) pH values as low as pH 4.5 in vitro and optimal growth at pH 5.5, which refocuses attention on the exact nature of this organism and how it survives in the stomach. The ATPase activity measured in either permeabilized or unpermeabilized H. pylori cells was found not to be affected significantly by the benzimidazole compounds omeprazole, lansoprazole, or Eisai 3810 at concentrations found to be inhibitory for bacterial growth. Mauch et al. (18, 19) have proposed a P-type ATPase in intact H. pylori cells with vanadate susceptibility by using a cerium phosphate precipitation system with visualization by electron microscopy. We also found a vanadate-susceptible ATPase activity in intact H. pylori cells, and this activity was not sensitive to benzimidazole compounds at their MICs at pH 6.0. Mauch et al. (18, 19) report strong inhibition of phosphate release by benzimidazole compounds at pH 4.3 and conclude that this inhibition is important for the antibacterial effect. However, their MIC determinations are performed in liquid culture at neutral pH. Thus, enzyme inhibition should be studied over the same pH interval. The inhibitory effect observed by Mauch et al. (18, 19) with the benzimidazole compounds probably depends on the low-pH incubation conditions of their experiment. Low pH activates the benzimidazole and results in an augmented concentration of the sulfhydryl-reactive sulfenamide form. The sulfenamide would then bind to exposed sulfhydryl groups and thereby cause nonspecific enzyme inhibition. Because there is no significant inhibition in permeabilized or unpermeabilized cells after 30 min of preincubation at pH 6.0 (this work) or pH 7.3 (19), we conclude that the bactericidal action of omeprazole and related compounds seen in H. pylori in vitro is not due to the specific inhibition of ATPase activity.
The ATPase activity seen in unpermeabilized H. pylori and H. felis cells is quite interesting, as is the lack of this activity in C. jejuni. The vanadate-susceptible nature of this activity may indicate the presence of a P-type ATPase. Helicobacter species are characterized by their abundant phosphatase activities which are lacking in Campylobacter species. S. typhimurium has a number of phosphatase activities located periplasmically, and these activities can release phosphate from nucleoside phosphates (26) . The exact nature of this extracellular ATPase activity of H. pylori is under investigation. It appears, however, that whatever the nature of this ATPase activity, it is most likely not a vital target for the omeprazole-mediated killing of H. pylori.
